Oxidative damage caused by free radicals in vivo is believed to play an important role in the etiology of aging and age-associated degenerative diseases. The most direct evidence supporting this theory is the recent finding that the transgenic Drosophila that overexpress the antioxidant enzymes catalase and superoxide dismutase exhibit an increase in life span. Although the increase in life span in Drosophila by these enzymes is certainly important, the next logical direction is to demonstrate whether increased antioxidant protection occurs similarly in mammals. Several transgenic mouse models that overexpress antioxidant enzymes are currently available. However, one major shortcoming in using these transgenic mice is the difficulty of producing antioxidant overexpression in more than a few tissues. Despite the potential shortcomings of using transgenic mice, these animals provide a unique system in which individual components of a complex system, such as the antioxidant defense system, can be modulated and examined independently. Transgenic mice are therefore potentially powerful tools to study the role of various components of the antioxidant system in the aging process.
INTRODUCTION
Oxidative damage caused by free radicals in vivo is believed to play an important role in the etiology of aging (1) (2) (3) (4) . Because damage from free radicals can lead to deleterious effects on the body, several defense systems have evolved to provide protection against free radical damage. Antioxidant enzymes are capable of converting free radicals into stable compounds before they inflict major damage to cellular macromolecules. These antioxidant enzymes include Cu/Zn-superoxide dismutase (Cu/Zn-SOD), Mn-superoxide dismutase (Mn-SOD) (5), catalase (CAT) (6) , and glutathione peroxidase (GPX) (7) .
The antioxidant system is a complex, multicomponent system, making it difficult to directly test the role of oxidative stress in the aging process. One of the current approaches in free radical research is to use transgenic animal models that overexpress one or more antioxidant enzymes. The advent of DNA technology has made it possible to genetically engineer cells or animals that overexpress specific gene(s). The expression of a transgene can be targeted by using tissue-specific regulatory regions in the promoter region of the transgene, allowing the production of a stable cell/ organism that can be genetically characterized and studied overa long period. One key advantage ofthese approaches is that they allow investigators to independently modulate individual components of a complex system, such as the antioxidant defense system. Thus, transgenic animals and transfected cells potentially provide excellent models for studying the role of oxidative stress in aging and disease processes.
Oxidative stress affects a variety of the biochemical processes involved in the regulation of the transcription of stress/defense-response genes. The transcription of a gene is influenced by various regulatory elements, referred to as promoters, enhancers, and silencers. These elements are composed of discrete DNA sequence motifs that constitute binding sites for sequencespecific DNA-binding proteins. The stress response genes are regulated by a small number of regulatory proteins (transcription factors). Of the various transcrip-tion factors involved in regulation of stress genes, transcription factors NF-KB (nuclear factor of kappa-B) and AP-1 (activated protein-1 ) are shown to play a major role in oxidative stress, and are therefore referred to as oxidative stress-response transcription factors. Activation of these transcription factors can elicit a cascade of stress response gene activities to protect the organism against stress conditions. This is relevant to aging because the age-associated changes in these transcription factors may have a great impact on the stress genes that protect the organism against damaging intrinsic factors and environmental insults. Thus, one newly developing research direction for the study of free radicals in the aging process is to investigate the modulation of transcription factors by oxidative stress.
A number of review articles have been written over the past several years describing the role of pro-and antioxidants in aging (see ref. 1-4 for review). The focus of the present article is to describe new approaches to antioxidant studies, such as the use of transgenic models, and to present new information on oxidative stressmediated activation of the transcription factors involved in the induction of the gene(s) that protect the organism against oxidative damage.
New Approaches to Study the Antioxidant System
Damage from free radicals produced as a result of normal metabolism or during oxidative stress are postulated to be involved in a variety of diseases and in the decline of the physiologic function that occurs during the aging process. Because of the importance of antioxidant enzymes in cellular protection against the damaging effects of free radicals, it is critical that the role of individual antioxidant enzymes in the antioxidant defense system be elucidated. Studying the antioxidant defense system is complicated by its complexity and redundancy. However, recent advances in technology have led to the production of transfected cells or transgenic animals that overexpress one or more of the antioxidant enzymes. These provide investigators with an excellent system for studying the role of individual enzymes in cellular defense against reactive oxygen species.
Cu/Zn-Superoxide Dismutase (Cu/'Zn-SOD) and Catalase (CA T) Transfection Studies
The first study to transfect gene coding of a component of the antioxidant system into cells was conducted in 1986. In this study, stable transformants of mouse Lcells and human HeLa cells were produced using the human gene for Cu/Zn-SOD (8) . These transfected cells expressed as much as 6-fold more Cu/Zn-SOD activity than the non-transfected cells, and were observed to be more resistant to cytotoxicity from exposure to paraquat (an intracellular generator of superoxide radicals). Protection from paraquat-induced toxicity has also been shown in several other transfected cell lines in which the expression of Cu/Z.n-SOD was increased from 1.6-to 7-fold (9) (10) (11) . Recently, transfection of human Cu/Zn-SOD into bovine and porcine aortic endothelial cells was shown to lead to increased cell viability following cold-preservation-rewarming injury, a condition believed to be related to oxygen free radicals (12) . Cu/Zn-SOD overexpression therefore has been shown to provide protection against several forms of oxidative stress.
However, Cu/Zn-SOD overexpression does not result in exclusively beneficial effects. For example, rat PC-12 cells transfected with Cu/Zn-SOD have been shown to have an impaired neurotransmitter uptake (13) . Also, the transfection of Cu/Zn-SOD into bovine adrenocortical cells has been shown to have cytotoxic effects, including increased cell death, cell fusion, and nuclearfragmentation (14) . Furthermore, although HeLa cells transfected with human Cu/Zn-SOD were found to have an increased resistance to paraquat, these cells also had higher levels of lipid peroxidation both in the presence and the absence of paraquat (8) . The authors suggest that the increase in the Cu/Zn-SOD expression altered the balance between the rate of hydrogen peroxide (H202) formation by Cu/Zn-SOD and its removal by CAT and GPX, resulting in increased H202 production and increased lipid peroxidation. Further support for this suggestion is shown in mouse JB6 cells transfected with the human Cu/Zn-SOD gene (15) . These cells had a 2-to 3-fold increase in Cu/Zn-SOD activity and were actually more sensitive to an oxidative burst produced by xanthine/xanthine oxidase, had decreased cell growth, and increased DNA damage compared to non-transfected cells. However, when the cells were transfected with both CAT and Cu/Zn-SOD and the activity of both enzymes was increased 2-to 3-fold, the cells no longer demonstrated an increased sensitivity to the oxidative stress seen in the cells transfected with Cu/Zn-SOD alone. Thus, the increase in CAT activity appears to protect the cells from the adverse effects of transfecting with Cu/Zn-SOD alone. These studies illustrate the complex, integrated nature of the antioxidant system, where components balance to work in concert.
Although an increase in Cu/Zn-SOD activity, without proportional increases in CAT and/or GPX activity, appears to result in an increase in the amount of damage to the cell, some evidence supports a protective role for the overexpression of CAT alone. Endothelial cells infected with a replication-deficient, recombinant adenovirus containing CAT cDNA had an increase in CAT activity and were resistant to high intracellular levels of H202 (16) . Also, transfection of acatalasemic mouse fibroblasts containing low levels of endogenous catalase with a human catalase cDNA clone resulted in a 2.8-to 4-fold increase in CAT activity and a significant resistance to oxidative stress generated by H202 and hyperoxia (17) .
Manganese Superoxide Dismutase (Mn-SOD) Transfection Studies
Mn-SOD is a particularly important component of the antioxidant system due to its presence in the mitochondria (the major producer of reactive oxygen molecules and, consequently, an important target of free radical damage). Overexpression of Mn-SOD in transfected cells has been shown to have a protective effect against a variety of insults related to oxidative stress. For example, it has been shown to increase cell survival in response to the cytotoxic effects of the cytokines interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-(~) and other cytotoxic drugs proposed to generate superoxide anions or other reactive oxygen species (18, 19) . Several cell lines overexpressing Mn-SOD have also been shown to have increased resistance to irradiation (19, 20) . Finally, increased expression of Mn-SOD has been shown to make cells more resistant to the effects of paraquat (21, 22) and to hyperoxic challenge (23) .
Studies of transfected cells have also provided evidence that Mn-SOD may act as a tumor suppressor gene. For example, increased expression of Mn-SOD has been shown to suppress radiation-induced neoplastic transformation (24) and enhance cell differentiation in mouse C3H10T1/2 cells (25) . In human melanoma cells, its transfection was accompanied by a decrease in the expression of melanoma-associated and proliferating-cell nuclear antigens (26) . These transfected cells lost the ability to develop tumors when introduced into athymic mice, while the non-transfected control cells developed tumors within 5 to 7 days. Recently, transfection of Mn-SOD into a breast cancer cell line (MCF-7) was shown to inhibit tumor growth when the cells were injected into nude mice, compared to the control, wild-type MCF-7 cells (27) .
Glutathione Peroxidase (GPX) Transfection Studies
Overexpression of GPX has also been shown to have a protective effect against oxidative stress. T47D human breast cells exhibiting 10-to 100-fold increases in GPX activity were more resistant to the growth inhibition and DNA damage produced by incubating cells with hydrogen peroxide, cumene hydroperoxide, or menadione (28) . Stable transfectants of mouse NIH/3T3 fibroblasts and human MCF-7 breast carcinoma cells with a human cytosolic GPX expression vector showed more resistance to both paraquat and peroxides (29) .
Overexpression of Antioxidant Enzymes in Transgenic Drosophila
To determine whether the beneficial effects of increased levels of antioxidant enzymes could be extended to have a positive effect on life span, transgenic Drosophila that overexpress the antioxidant enzymes Cu/Zn-SOD and CAT were produced (30) (31) (32) . Although the overexpression of either Cu/Zn-SOD (30 to 60%) or CAT (70 to 80%), individually, did not affect the life span of these transgenic flies (30) (31) (32) , they were more resistant .to H202.
The most convincing evidence for the involvement of free radicals in aging comes from a recent study that demonstrates life span increases (14 to 34%) in transgenic Drosophila that simultaneously overexpress both CAT and Cu/Zn-SOD (33) . These transgenic lines show a 25 to 37% increase in Cu/Zn-SOD activity and a 45 to 70% increase in CAT activity. In addition, these transgenic flies have lower levels of protein oxidation, which strongly suggests that reduced free radical/oxidative damage is responsible for the increased survival of transgenic Drosophila. These data are consistent with the concept that SOD and CAT work as a team to protect against damage from reactive oxygen species.
Overexpression of Antioxidant Enzymes in Transgenic Mice
The study of Drosophila that overexpress both Cu/Zn-SOD and CAT provides the first direct evidence showing that free radicals and oxidative damage may be important factors in aging. However, no similar study examines the effect of increased antioxidant enzyme activity on the life span in mammals. In 1987, the first transgenic mouse to overexpress an antioxidant enzyme was produced by the laboratories of Epstein and Groner (34) . These laboratories produced transgenic mice that overexpressed the human Cu/Zn-SOD gene, and characterized its effects using several biochemical and physiological parameters. The overexpression of Cu/Zn-SOD in these mice is greatest in the brain, where the activity of Cu/Zn-SOD is as much as 6-fold higher than in non-transgenic controls (34). Epstein's laboratory measured the activity of Cu/Zn-SOD in various regions of the brain of the transgenic mice (35) , finding the overexpression of Cu/7n-SOD highest in the cerebellum (3.4-fold) and lowest in the brain stem (2-fold). In addition to the increase in Cu/Zn-SOD activity, they also found a 1.7-to 2.3-fold increase in the activity of Mn-SOD in various brain regions of these animals. The activity of CAT was also higher (1.3-to 2.3-fold) in the brain regions of these transgenic mice. In contrast, the activity of GPX was not significantly altered in the brain regions of the transgenic mice. Epstein proposed that the increase in CAT activity is an adaptive response compensating for the increase in H20 = produced by the increase in SOD. However, in lung tissue from transgenic mice that overexpress Cu/Zn-SOD, there was very little change in the activity of Mn-SOD, GPX, CAT, or glutathione reductase, even though the Cu/Zn-SOD activity was increased 2-to 3-fold (36) .
CulZn-SOD overexpression in transgenic mice affords several protective effects, including an increased resistance to pulmonary oxygen toxicity, decreased histopathologic lung damage, such as pulmonary edema, formation of hyaline membranes, and inflammation (36) . In the brain, the increased expression of Cu/Zn-SOD activity confers protection against ischemic injury (37), cold-induced injury (38) , and neurotoxicity of glutamate (39) and N-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP), a drug that causes damage to the nigrostrial pathway similar to the damage seen in Parkinson's disease (40) . However, a number of defects have also been observed in the transgenic mice that overexpress Cu/Zn-SOD. For example, pathological changes have been reported in neuromuscular junctions in tongue and hindlimb (41A2), a decrease in serotonin uptake has been found in platelets (43) , and a decrease in prostaglandin synthesis in the kidney and cerebellum of transgenic mice has been measured (44) . In addition, these mice have been reported to undergo premature thymic involution starting at 3-4 months of age, compared to age 10-12 months in control mice (45) .
Recently, a second transgenic mouse overexpressing Cu/Zn-SOD has been produced using the HMGCoA reductase promoter to drive the expression of the human SOD cDNA. Peritoneal macrophages in these mice have a 2-fold increase in Cu/Zn-SOD activity, resulting in a decrease in the immune function of these cells that is characterized by a decrease in both microbicidal and fungicidal activity (46) .
Two laboratories have produced transgenic mice that overexpress human Mn-SOD (47, 48) . Animals carrying a human Mn-SOD gene under the control of the human SP-C (surfactant protein C) promoter have increased expression of Mn-SOD in the mitochondria of distal respiratory epithelial lung cells. These transgenic animals exhibit a 60% increase in the activity of lung Mn-SOD and show an increased resistance to oxidative stress when exposed to 95% oxygen, .as demonstrated by an increase in survival time and a decrease in lung pathology (47) . Anothertransgeniccontainsthe human Mn-SOD gene, driven by the human B-actin promoter. Total lung Mn-SOD activity is increased 180% in these mice, but they do not show an increased resistance to exposure of >99% oxygen, compared to non-transgenic controls (48) . More recently, transgenic mice that overexpress human GPX under the direction of the human metallothionein IIA promoter have also been produced (49) . These mice exhibit an increase in the expression of GPX in several regions of the brain and show no signs of abnormal development or behavior. The usefulness of each of these transgenic models is limited by gene overexpression occurring in only a finite number of tissues. Global overexpression in nearly all tissues of the organism would be optimal in the examination of the effect of increased antioxidant protection on life span.
An alternative strategy to producing transgenic animals in which a particular gene is overexpressed is to produce animals in which a gene has been targeted for deletion. It is possible to introduce mutations in individual genes by a methodology employing the use of pluripotent mouse embryonic stem (ES) cells. The transgene DNA is inserted into these cells by microinjection or electroporation, and following homologous recombination between the transgene and the endogenous DNA, a gene-specific mutation results. The ES cells that contain the disrupted or mutated DNA are clonally isolated, microinjected into blastocytes, then transferred to surrogate mothers. These mice will produce chimeric progeny that contain DNA from the host mouse and the ES cells. The targeted gene is passed through the gerrnline and can be eventually bred to homozygosity.
There are currently two mouse models in which the Mn-SOD has been altered. In the first model, exon 3, which codes for the active site of the gene, has been replaced with a portion of the neomycin gene (50) . Mice that are homozygous for the deleted gene do not survive longer than 5 to 10 days. However, mice that are heterozygous for the mutated gene appear normal and exhibit normal breeding behavior out to at least 9 months of age. These animals have approximately 50% of the Mn-SOD activity present in control animals in liver, kidney, heart, and brain. Our laboratory is currently investigating whether the extent of free radical damage with age is altered in the knockout mice and whether the decrease in the activity of Mn-SOD has any effect on life span or the incidence of age-related pathology in these animals. The second Mn-SOD knockout mouse was produced by a disruption of exons 1 and 2. These homozygous knockout mice survive up to 3 weeks and have several pathological abnormalities including anemia, neural degeneration, motor disturbances, and mitochondrial ultrastructural damage (51) .
Modulation of Transcnption Factors by Oxidative Stress
Exposure of a cell or an organism to life-threatening conditions may induce the activation of gene(s) that play an important role in defending the organism. For example, a variety of agents such as UV light, gammarays, elevated temperature, oxygen radicals, bacterial and viral pathogens, inflammatory cytokines, and heavy metals are known to elicit an emergency response of gene expression in most cell types of the organism (52, 53) . Activating signals generally occur via the signal transduction system and finally reach various transcription factors in the nucleus where they activate the expression of stress response genes involved in the defense of the organism against adverse conditions. A large number of proteins, such as heat shock proteins, metallothionein, DNA-repair proteins, acute phase proteins, etc., are produced when cells are exposed to biological, chemical, and physical insults (54) (55) (56) . Some of these proteins are altered in aging due to changes in the DNA binding activity of their transactivating factors (57) (58) (59) (60) (61) (62) . For example, studies from our laboratory of rat hepatocytes and lymphocytes have shown that the heat shock gene (hsp70) is affected by aging and that the decline in hsp70 transcription is correlated with an age-related decline in the DNA binding activity of heat shock transcription factors (61, 62) . Age-associated alterations in the activity of the stressresponse transcription factors could greatly affect the regulation of the stress-response genes that protect the organism from stress conditions. Moreover, the regulatory changes that affect the homeostatic levels of the products of these genes may be the underlying basis for the gradual decline in cellular function. Thus, oxidative stress and other factors are shown to target the signal pathway components that regulate the activation of these transcription factors.
Oxidative Stress-Response Transcnption Factors
The induction of transcription factors mediated by oxidative stress in bacteria has been studied in detail. Two reactive oxygen intermediate-responsive transcription factor systems, called oxyR (63) and soxRS (64) , have been identified. These transcription factors control the expression of multiple antioxidant enzymes in response to H202 and superoxide (O~), respectively. However, the transcription factors that regulate oxidative stressmediated antioxidant response in eukaryotic cells have not been fully characterized.
Several studies have suggested that the transcription factor NF-kB, and to a lesser extent AP-1, would be equivalent to the bacteria transcription factor oxyR. Four lines of evidence suggest oxidative stress is involved in the activation of transcription factors NF-KB and/or AP-1. First, in some cell lines, NF-KB is directly activated upon treatment of cells with micromolar amounts of H20 ~ in the culture medium (52, 65) . Second, stable overexpression of CAT has been shown to impair NF-KB activation in response to the inflammatory cytokine (e.g., TNF-(x and okadaic acid) (66) . Third, reperfusion (re-exposure) of ischemic (hypoxic) cell/tissue to oxygen has been shown to trigger the activation of NF-KB (52). Fourth, various free radical scavengers such as NacetyI-L-cysteine (NAC), dithiocarbamates, and vitamin E have been shown to inhibit NF-KB activation in response to a variety of oxidative stress-inducing agents (65) .
NF-KB is a multisubunit transcription factor found in many different cell types and tissues, but has been best characterized in immune system cells, such as B and T cells, macrophages, and monocytes (67) . Various agents, such as inflammatory cytokines (e.g., TNF-(~ and IL-1 ), phorbol ester-12-myristate-13-acetate (PMA), lipopolysaccharide, UV light, gamma rays, viral and bacterial proteins, and double-stranded RNA that induce oxidative stress are also capable of activating NF-EB (67). Activation of NF-KB causes a rapid induction of the gene expression that plays an important role in the defense systems of organisms.
In most cells, NF-~B is present in the cytoplasm as a non-DNA binding complex composed of three subunits: two DNA-binding proteins, p50 and p65 (also known as Rel A), and an inhibitory subunit (IKB) bound to p65 (68) . In resting (non-stressed) cells, NF-KB is known to reside in an inactive form in the cytoplasm. This form is stabilized by the inhibitory subunit (I~B), which is tightly bound to the DNA-binding subunits (p50 and P65) (69) . Figure 1 shows that upon activation of cells by agents that induce oxidative stress, IKB is removed and the liberation of NF-KB is able to translocate into the nucleus and activate target genes by binding to regulatory elements in enhancers and promoters. The mechanism by which antioxidants cause inhibition of NF-KB is not well understood; however, a recent study has shown that antioxidants may have some effect on IKB by delaying its dissociation and inhibiting the phosphorylation step required for its dissociation from NF-KB protein complex. Because antioxidants may act upstream of the kinase/phosphatase system, IEB has been suggested to be redox-controlled (52). It has been shown that most, if not all, inducers of NF-KB seem to rely on the production of free radicals, and that antioxidants inhibit the activation of NF-KB. Schreck et al. (65) have shown that those agents (e.g., butyl peroxide) that generate H202, activate NF-EB; however, agents that lead to the generation of O2--are not effective in NF-~B activation. It has been postulated that, with respect to oxygen-free radical specificity, NF-KB activa-tion is more closely related to bacterial oxyR than to the soxRS system. Because a variety of free radical scavengers, such as cystine derivities (e.g., NAC), metal chelators, vitamin E, etc., suppress activation of NF-KB, it has been suggested that, in eukaryotic cells, the NF-KB acts as a "primary" oxidative stress-response transcription factor (52, 65, 66) .
In contrast to the strong NF-KB binding activity responding to H202, the AP-1 binding activity is weakly induced by H202 (70, 71) . The similarities between PMA-induced NF-KB and AP-1 activation have been investigated in response to H202 and the antioxidant NAC. For example, it was found that NF-kB was strongly activated in H202-treated HeLa cells, and activation of NF-KB by PMA was suppressed by the antioxidant NAC treatment of HeLa cells (52, 72) . This suggested that H202 synergizes the effect of PMA, supporting the idea that PMA and HzO 2 signals converge into a common oxidative stress-dependent pathway. In contrast to NF-KB, the DNA binding activity of AP-1 was strong when cells were stimulated with PMA alone. However, treatment of cells with H202 in the presence of PMA reduced the AP-1 binding activity in these cells, while the antioxidant treatment enhanced PMA effect. The effect of antioxidants on AP-1 binding activity was shown to be protein synthesis dependent and involved transcriptional induction of c-fos and c-jun genes. Because of the de novo synthesis requirement of Fos and Jun proteins (AP-1), AP-1 is suggested to be involved in eukaryotic oxidative stress responses as a "secondary ~ antioxidant-response transcription factor (52) .
Most studies on the induction of AP-1 by vadous stimuli focus on studying the expression of c-los and cjun, which are assumed to reflect the capability of the AP-1 binding activity. The expression of c-fos and c-jun are also induced by a variety of agents that induce oxidative stress (71, (73) (74) (75) . The induction of AP-1 binding activity has been shown to be induced by antioxidants (66) . Furthermore, it has also been shown that the induction of c-fos and c-jun mRNA by H202 and by the antioxidant NAC have similar kinetics of induction. This indicates that signals emerging from Fos and Jun proteins sense either pro-oxidant or antioxidant conditions in the cell following a similar pathway. It has been speculated that activation of c-fos and c-jun by oxidants and antioxidants occurs at the level of signal transduction molecules (discussed below). For example, Devary et al. (76) have shown that UV induction of c-jun expression requires activation of thyronine kinase and Raf-like serine/threonine kinases. Because UV light is known to induce free radicals (77) , and UV effects are blocked with the free radical scavenger, NAC (76) , it is believed that the UV-induced signals might converge into the same oxidative stress-dependent pathways as H202 and other inducers ofAP-l. Consistent with this notion is the fact that tyrosine kinases are also activated upon treatment of cells with H202 and other free radical-generating agents (e.g., IL-1) (75).
The mechanism by which antioxidants induce activation of AP-1 is not clearly understood. However, it has been shown that Fos and Jun proteins contain conserved redox-sensitive cysteine residues in their DNAbinding domains (78, 79) . These cysteine residues are found partially oxidized, which causes a loss in DNAbinding activity; but treatment of protein with a reducing agent (e.g., dithiothreitol) restored DNA-binding activity of Fos/Jun (AP-1). Thus, the induction of AP-1 by antioxidants was based on the assumption that preexisting c-Jun in the HeLa cells is in an oxidized form; and therefore, an antioxidant treatment of the cells could directly or indirectly result in reduction of cysteine residues, leading to increased DNA binding and transactivation of c-Jun, a constituent of the AP-1 transcription factor.
Oxidative Stress and Signal Transduction
The response of cells to their environment is mediated by a variety of signal transduction pathways culminating in genetic changes in their nuclei. In this manner, cells alter the expression of the genes and proteins that lead to changes in their functional capacity. In cells from old animals, such genetic changes may result in modulation of stress response genes (e.g., antioxidant, metallothionein, or heat shock genes) that have a great impact in defending the organism against intrinsic factors and environmental insults.
Most of the eadiest nuclear changes that occur within minutes of cellular exposure to oxidative stress involve alterations in pre-existing proteins. The most common post-translational modification is protein phosphorylation (80) . The proteins that ultimately transduce the changes in gene expression, the transcription factors, are often phosphoproteins, and their phosphorylation state is sensitive to stress or stimulation via the action of specific protein kinases and phosphatases. Examples include the oxidative stress-response transcription factors NF-~B and AP-1 (82) . These transcription factors transduce signals in response to agents that stimulate protein tyrosine kinases through the protein kinase C (PKC) signal transduction pathway (80) . However, they can also be activated by other signaling systems including changes in redox potential, UV light, and other cellular stresses (83) .
AP-1 is composed of dimers of proteins of the Fos and Jun proto-oncogene families. Members of the Jun family of proteins (e.g., c-Jun, JunB and JunD) can homodimedze or heterodimerize with members of the Fos family of proteins (e.g., c-Fos, FosB, Fral, and Fra2). In unstimulated cells, AP-1 levels are very low. Following stimulation, most of the members of the Fos/ Jun family are transcriptionally induced, but with different kinetics (84, 85) . Recent studies have shown that the transcdptional activity of c-fos and c-jun is regulated by the upstream signaling molecules (81, [86] [87] [88] . It appears that the upstream signaling molecules differentially regulate c-los and c-jun transcription. For ex-ample, it has been shown that phosphon/lation of transcription factor TCF (ternary complex factor) by mitogen-activated protein kinases (MAPK) play a crucial role in c-fos expression. However, the induction of c-jun appears to be mediated by a different protein kinase, JNK (c-jun amino terminal kinase), which phosphorylates and augments the transcriptional activity of c-jun (89, 90) . The upstream signaling pathways involved a cascade of phosphorylation and dephosphorylation events that led to augmentation of c-fos and c-jun transcription.
The current model for the MAPK signaling events that lead to regulation of c-fos and c-jun transcription is shown in Figure 2 . Agents that induce oxidative stress activate c-fos and c-jun transcription via a receptorligand complex to initiate a transmembrane signal to the cytoplasm (82) . Tyrosine phosphorylation of phospholipase-C~/ (PLC-~/) stimulates its activity, causing the generation of second messengers that stimulate PKC activation and trigger an elevation of intracellular calcium. These biochemical events lead to the stimulation of GTP-bound Ras. Ras is activated as a result of PKCmediated inhibition of Ras-GTPase-activating proteins and activation of adaptor molecules known as Grab2 and the Ras Grb-exchange SOS (son of sevenless) (86, 88) . In the GTP-bound state, Ras stimulates the MAPK pathway, leading to activation of a number of MAPK isoforms such as ERKs (extracellular signalregulated kinases) and JNKs. In the plasma membrane, active GTP-bound Ras directly binds and promotes the activation of the protein kinase Raf-1. Active Raf-1 phosphorylates and activates the MAPK/ERK kinases through the activation of MAPK kinase, termed MEK (ERK kinase). Active ERKs phosphorylate and regulate the activity of numerous additional proteins in both the cytosol and nucleus (86) (87) (88) . Thus, one function of the RaslRaf-IlMEWERKIJNK signal transduction pathway is to transmit a stimulatory signal received at the plasma membrane into the nucleus, where it affects the transcription factors involved in the regulation of stressresponse gene(s).
Some agents act through a recently identified family of protein kinases that are potently stimulated by stress signals and are termed SAPK (stress-activated protein) kinases (91) . Three SAPK genes have been cloned, termed(x, t3, and-,/. These kinases are widely expressed and are 90% related to each other and 45% related to the MAPK family (91) . The 46 kDa form of SAPK-g has been independently cloned as JNK1 kinase (92) . The cloning and function of the SAP kinase (SEK) has recently been reported (93) . This protein kinase is, itself, directly regulated by another protein kinase termed MEKK (MEK kinase) (94) , extending the known component of the stress-activated protein kinase pathway. Like the MAPKs, SAPKs require tyrosine and threonine phosphorylation for activity, as shown in Figure 2 However, these enzymes are not phosphorylated or activated by MEK, and therefore appear to be on a distinct signal transduction pathway. This view is sup- Figure 2 . A current model for the intracellular signaling network involving MAP kinase and SAP kinase pathways acting on c-fos and c-jun transcription. External (e.g., mitogenic or stress factors) and internal (e.g., free radicals produced by oxidative metabolism) signals are transduced via activation of protein tyrosine kinases, which lead to the phosphorylation and activation of downstream signaling molecules such as MAP and SAP kinases. Activation of these kinases lead to their nuclear translocation where they regulate the transcription of c-fos and c-Jun (AP-1). MAPK, mitogen-activated protein kinase, SAPK, stress-activated protein kinase; SEK, SAP kinase; MEK, MAP kinase; PLC, phospholipase-C; PKC, protein kinase C; IP3, phosphatidylinositol-3-phosphate; DAG, diacylglycerol; GAP, GTPase activating protein.
ported by the observation that many SAPK agonists poorly activate MAPKs and vice versa (91) . SAPKs are potentially activated by a variety of cellular stresses including heat shock, UV, and so on (91, 95) . One of the many targets of MAPKs and SAPKs is the phosphorylation of the Fos and Jun protein in response to several stress signals (80, 81, 91, 92) . Stimulation of the signal transduction pathway results in phosphorylation of the Jun protein at two residues proximal to the major transactivation domain of the protein (96, 97) . Phosphorylation is stimulated by a variety of agents such as mitogen, cytokine, PMA, UV, as well as free radicals and heat shock (80, (96) (97) (98) . These studies suggest that activation of Fos and Jun is an important and common response not just to mitogens but to many other stress signals. Elucidation of the pathways culminating in phosphorylation and transcriptional activation of c-fos and c-jun is therefore an area of intense interest.
Metallothionein Transcription Factors Targeted by Oxidative Stress
A number of studies (99, 100) have shown the agents that induce oxidative stress (e.g., LPS, cytokines, PMA, chloroform, turpentine, carbon tetrachloride, and paraquat) can also induce the expression of a cysteinerich heavy metal binding protein, metallothionein (MT). Overexpression of MT (i.e., MT-1 and MT-II) genes have been shown to protect cells against heavy metal toxicity, whereas underexpression in cells or in mice with null mutations of genes leads to a highest sensitivity to heavy metal, (i.e., Cd) (53) . Several studies have indicated that, in addition to its role in metal homeostasis, MT is also an efficient free radical scavenger (101, 102) . For example, it has been shown that yeast and mammalian MT can be functionally substituted for SOD in protecting an organism from oxidative stress (102) . These studies suggest that MT plays a very important role in protecting an organism from oxidative stress. A recent study has shown that treatment of a mouse hepatoma cell line (Hepa cells) with H202 resulted in rapid transcription of the MT-1 gene The oxidative stress-mediated activation of the MT-I gene involves multiple cis-acting promoter composite elements consisting of an overlapping of either major late transcription factor (MLTF) binding site and an antioxidant response element (ARE) and/or a metal response element (MRE) binding site (103) . This study suggested that oxidative stress-mediated activation of transcription factors involved in MT-I gene expression is different from that of heavy metal-induced activation of transcription factor and MT gene expression. The ARE can be bound by a factor that can be activated by oxidative stress; however, the mechanism of this activation is not known. The ARE core sequence (GTGACCCGC) bears homology with an AP-1 binding site and the MLTF binding site (CCGTGAC) overlapped with the ARE sequence (104) . It has been postulated that oxidative stress mediates activation of both MLTF and the transcription factors that bind to the ARE binding site in the promoter region of MT gene. A recent study has shown that H202 mediated the activation of a transcription factor that binds to MRE. A zinc-finger transcription factor, MTF-1 (metallothionein transcription factor-I), that binds to MRE of the MT-I promoter has recently been cloned (105) . MTF-1 is believe to be controlled by a metal-sensitive inhibitor (106) . It has been suggested that when cells are exposed to oxidative stress (e.g., H202), the MTF-1 dissociates from the inhibitor either directly by oxidizing thiols and releasing zinc or by oxidation of the inhibitor (106) . This is analogous to the oxidative stress-mediated dissociation of IKB from the NF-KB DNA binding proteins (p50 and 065), which leads to activation of the NF-~B transcription factor.
Concluding Remarks and Future Perspectives
The present article describes newly developed molecular approaches to study the biological role of oxidative stress. One currently developing area of research is the use of transgenic animal models that overexpress or underexpress specific antioxidant enzymes. These animals allow investigators to study the impact of alterations on individual components of the antioxidant system in the processes of free radical damage and aging. Secondly, we have described current directions in the study of the signal transduction-redox pathways that modulate the oxidative stress-response transcription factors involved in the regulation of antioxidant enzymes. Each of these new directions is relevant to elucidating the molecular mechanisms involved in the aging process.
Eukaryotic organisms have an elaborate oxidative defense mechanism that is triggered by free radicals and other stress factors. The response to many oxidative agents is mediated by the activation of signal transduction pathways, which in turn leads to the activation of a cascade of kinases and phosphatases. The kinases may act in a pathway that senses damage and thereby initiates repair processes. On the other hand, this pathway may target the expression of genes that induce programmed cell death in an effort to eliminate a potentially mutated cell. Measuring the status of the activation of the pathway should provide important new insights into the effects of diverse agents on cells, and identify whether these effects are caused by the intrinsic or extrinsic factors that generate free radicals. The upstream signaling molecules involved in the regulation of the activity of oxidative stress-response transcription factors NF-~B and AP-1 in turn regulate the expression of families of stress response genes such as antioxidant enzymes, metallothionein, and heat shock proteins. The functions of some of these genes are altered by aging. The oxidative stress-response transcription factors are the key regulatory proteins that respond to changes in both intrinsic and extrinsic factors that generate free radicals. Thus, the agents that induce oxidative damage act as second messengers to target the same signal transduction-redox pathways that regulate the activity of transcription factors that activate antioxidant genes.
Age-associated declines in cellular function could occur because of changes in the structure and function of regulatory proteins. Alterations in the interaction of these regulatory proteins with their respective cis-acting DNA sequences may be a contributing factor in the agerelated decline of the antioxidant defense system. This hypothesis also raises the question of whether ageassociated declines in cellular function could result from changes in the activity and/or expression of the upstream signaling molecules that regulate the downstream oxidative stress-response transcription factors. Although these questions need further investigation, it appears that alterations in the regulation of oxidative stress-response transcription factors might contribute to age-related changes in the oxidative defense system. The accumulation of free radicals due to intrinsic factors or environmental insults would modulate the antioxidant enzymes because they target the same signal transduction-redox pathways that lead to the activation of the oxidative stress-response transcription factors. The increase in free radicals as a result of aerobic metabo-lism and environmental insult may result in a chronic failure of the oxidative response gene(s) that are properly regulated by free radicals and may be the basis of the gradual decline in cellular function and increased susceptibility to disease during aging. Future research will determine the potential application of these biochemical and molecular approaches in understanding the molecular mechanism of the age-related decrease in antioxidant gene expression, as well as in evaluating new therapeutic interventions of aging and age-associated disease.
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